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Abstract 14 
Solar ponds offer an effective way to collect and store incident solar radiation, making them 15 
an attractive alternative to photovoltaic systems for applications which require low-grade heat 16 
to operate. If these ponds are to be implemented successfully, then a more complete 17 
understanding of the mechanisms and phenomena governing their behaviour is required. 18 
Evaporation has been shown previously to be the dominant mode of heat loss from the pond 19 
surface, and the fresh water that would need to be added to maintain the pond’s inventory could 20 
potentially add significantly to operating costs. To this end, an experimental unit was 21 
constructed to examine and observe the behaviour of a salinity gradient solar pond (SGSP) 22 
before and after covering the pond with a thin layer (0.5 cm) of paraffin, with the aim of 23 
eliminating evaporation. The unit was run for 71 days in Nasiriyah, Iraq. This is the first study 24 
to attempt to completely eliminate the harmful effects of evaporation on solar pond 25 
performance using a liquid layer. The layer successfully eliminated the significant evaporation 26 
observed from the uncovered pond and crucially, while the salinity gradient through the non-27 
convective zone remained substantially intact over the course of the study, the temperature 28 
profile became approximately uniform throughout the entire pond after about 50 days. This 29 
behaviour has significant implications for the construction of the pond, as it may mean that if 30 
evaporation can be largely suppressed, the salinity gradient may not be necessary for the pond 31 
to capture and efficiently store heat. Furthermore, the effects on evaporation of different 32 
climatic factors such as relative humidity, wind speed, ambient temperature and solar radiation 33 
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were considered by analysing data measured on-site and longer-term meteorological data. The 34 
results showed that ambient temperature, solar radiation and humidity have a significant 35 
correlation with the evaporation rate; and their impact varies seasonally. A more 36 
comprehensive multiple regression analysis showed that ambient temperature has the highest 37 
impact on evaporation, while the effect of the incident solar radiation is insignificant. Such 38 
insights are vital in the design and siting of solar ponds, and can be used to minimise 39 
evaporative losses.  40 
  41 
Nomenclature 42 
𝑘 Number of variables 
𝑛 Number of observations  
𝐴𝑑𝑗𝑅2 Adjusted standard deviation 
𝑅2 Standard deviation 
R Correlation coefficient 
Abbreviation 43 
LCZ Lower convective zone 
NCZ Non-convective zone 
SGSP Salinity gradient solar pond 
UCZ Upper convective zone 
 44 
1. Introduction 45 
The increase in the demand for clean and sustainable energy is encouraging researchers and 46 
scientific centres around the world to focus on finding new means of capturing, storing and 47 
exploiting renewable energy sources. Solar ponds are a means to both capture and, remarkably, 48 
store the incoming solar radiation in the form of low-grade heat. There are several possible 49 
configurations for a solar pond, but of these, the salinity gradient solar pond (SGSP) is the most 50 
commonly investigated and constructed type. A SGSP integrates the collection and storage of 51 
solar energy and can be used throughout the year, irrespective of time and season (Karakilcik 52 
et al., 2006). It is a relatively simple and low-cost technology which nevertheless possesses a 53 
substantial thermal mass. It can also be constructed from readily available and low-priced raw 54 
materials. Srinivasan (1993) pointed out that the cost of a SGSP is much less than that of an 55 
equivalent flat plate collector. On the other hand, he also implied that the initial cost of the 56 
SGSP is high and strongly depends on the site of the pond. Nevertheless, availability of solar 57 
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irradiance at the location of interest should be considered for conducting feasibility studies. 58 
There are several types of data sets providing solar irradiance data and solar data estimation 59 
methods studied in several research works (Jahani et al., 2015). 60 
      The SGSP can supply thermal energy to a wide variety of applications that necessitate only 61 
low-grade heat to run. Examples include providing heat for buildings, power generation ( 62 
utilising an organic Rankine cycle), water desalination, greenhouse heating, biogas production, 63 
process heating, agricultural crop drying and aquaculture such as for growing warm water fish 64 
and shrimps (Ruskowitz et al., 2014; Hull et al., 1988; Alrowaished et al., 2013; El-Sebaii et 65 
al., 2011; Date and Akbarzadeh, 2013; Liu et al., 2013; Caruso and Naviglio, 1999; Dehghan 66 
et al., 2013; Kurt et al., 2000;  Sakhrieh and  Al-Salaymeh, 2013; Abdullah et al., 2015; Abbassi 67 
Monjezi and Campbell, 2016; and Abbassi Monjezi and Campbell, 2017a).  Using SGSPs in 68 
such a diverse array of applications is potentially economically beneficial and environmentally 69 
friendly. It has been recommended that future efforts should focus on the development of 70 
thermal energy storage with low capital and maintenance costs (Antipova et al., 2013; Gude, 71 
2015; Suarez et al., 2015; Salata and Coppi, 2014; Gude et al., 2012; and Ghaffour et al., 2014). 72 
The SGSP fits this bill perfectly. It is, however, distinctly possible that if SGSPs are coupled 73 
to desalination technologies, a very significant proportion of the water produced would be 74 
required to replace the pond water lost to evaporation, rendering the ponds uneconomic. It is 75 
therefore of vital importance that this process is understood fully, and that the effect of 76 
eliminating evaporation is studied empirically. Moreover, the possibility of increasing the light 77 
absorbance of the LCZ and consequently its temperature using nanoparticles can also be 78 
considered for future work. Rahimi et al. (2015) studied the preparation and characterisation 79 
of photocatalytic nanoparticles. Their research can be extended further to examine the benefits 80 
of using nanoparticles in the SGSP.    81 
      A significant number of studies has focused on using SGSPs as an energy source for 82 
applications beyond desalination that require only low-grade heat (Ranjan and Kaushik, 2014; 83 
Zaragoza et al., 2014; Bozkurt and Karakilcik, 2012; Abdullah and Lindsay, 2016; Ziapour et 84 
al., 2016; and Abbassi Monjezi and Campbell, 2017b). It is vital that if the potential of these 85 
applications is to be realised, the fundamental issues with solar pond performance, efficiency 86 
and cost are tackled. To this end, this study seeks to demonstrate the effect on pond 87 
performance of completely suppressing heat and mass losses by evaporation. These losses are 88 
one of the main barriers to the successful implementation of solar ponds (Ruskowitz et al., 89 
2014; Sayer et al., 2016).  90 
                             91 
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1.1 Salinity gradient solar ponds 92 
     A salinity gradient solar pond is a body of water with a depth of between 2 and 5 m, which 93 
has variable salt concentration to suppress convection (Leblanc et al., 2011). It is comprised of 94 
three distinct zones: the surface zone or the upper convective zone (UCZ), the middle zone or 95 
non-convective zone (NCZ) and the lower convective zone (LCZ) (Jaefarzadeh, 2004). The 96 
UCZ is approximately homogenous, and is a relatively cold layer of freshwater or low salinity 97 
brine. The NCZ has a salinity gradient, i.e. the salinity increases from the top to the bottom of 98 
the layer. The bottom zone (LCZ) has a high salinity, usually close to saturation, and is 99 
designed to store the received solar radiation (Date and Akbarzadeh, 2013). Convective heat 100 
loss from the LCZ through the NCZ is suppressed due to the salinity gradient and the resultant 101 
density gradient, which suppresses natural convection in this layer. Heat loss therefore occurs 102 
by conduction only; the NCZ effectively works as an insulator. Torkmahalleh et al. (2017) 103 
examined the performance of a small SGSP in a Mediterranean climate for 10 months. They 104 
found that the temperature of the NCZ and LCZ depended on the ambient temperature and the 105 
incident solar radiation. Abdullah et al. (2016) constructed a SGSP with a surface area of 113 106 
m2 at Umm Al-Qura University, Saudi Arabia. Their work illustrates the technical viability of 107 
SGSP technology in the Middle East. However, a crucial barrier to the implementation of these 108 
seemingly simple ponds is the lack of information about their behaviour, and in particular the 109 
lack of empirical data from field trials, as the ponds have more often been studied theoretically, 110 
with little empirical validation. For example, Husain et al. (2012) investigated theoretically 111 
enhancing SGSP performance by judicious selection of the size of the NCZ. They concluded 112 
that the LCZ temperature could be increased by 20 °C when the optimum NCZ depth is chosen. 113 
However, their findings need to be proved experimentally. Dah et al. (2010) studied 114 
theoretically and experimentally the improvement in SGSP performance by extracting heat 115 
from the NCZ. This enhanced the efficiency of the pond, but also decreased the stability of the 116 
LCZ, which is crucial to the pond’s functioning. 117 
 118 
1. 2 Evaporation 119 
     Sayer et al. (2016) concluded that surface heat loss from a SGSP by evaporation was 120 
significant in comparison to losses by convection and radiation. Their theoretical results 121 
illustrated that preventing surface evaporation could significantly increase temperatures in the 122 
UCZ and LCZ. Ruskowitz et al. (2014) experimentally observed that when evaporation was 123 
decreased, there was an apparent increase in the LCZ temperature. They also concluded that 124 
the amount of heat lost to the atmosphere decreased, and there was a noticeable increase in the 125 
5 
 
NCZ temperature. Many other studies (Akbarzadeh et al., 2005; Tabor, 1980; Akbarzadeh and 126 
Ahmadi, 1979; Ali, 1989; Alagao et al., 1994; and Alagao, 1996) affirmed that evaporation and 127 
the depth of the underground water table had a significant effect on the performance of the 128 
SGSP. A shallow water table would increase the heat loss to the ground, but this could be 129 
tackled by insulating the base of the pond sufficiently. In contrast, a high evaporation rate 130 
would increase heat and water loss to the atmosphere, and preventing this might be more 131 
difficult. The reduction or elimination of surface evaporation would also potentially enable 132 
such ponds to operate in areas with water shortages, since the water required to replenish the 133 
UCZ is reduced.  134 
      Assouline et al. (2010) used non-transparent polypropylene sheets as an evaporation 135 
suppressor. The main aim of their study was to suppress evaporative losses, without taking into 136 
consideration the heat trapped in the pond. In such a scenario, any opaque floating material can 137 
be utilised to reduce or eliminate evaporative losses. However, for solar ponds, the use of 138 
opaque materials is not appropriate because the solar radiation penetrating the layers of water 139 
will be significantly attenuated and consequently the performance of the pond will decrease.  140 
Ruskowitz et al. (2014) investigated the suppression of evaporative losses from a SGSP in the 141 
laboratory. Three methods were tested: the first using a continuous plastic cover, the second 142 
and third using floating element designs (discs and hemispheres). All the materials used were 143 
transparent. With the floating discs (the most efficient method), evaporation decreased by 47% 144 
and the LCZ temperature rose by 26%. It is important to note that this study was carried out in 145 
the laboratory using artificial light, thereby excluding the effect of climatic factors (incident 146 
solar radiation, relative humidity, ambient temperature and wind speed). 147 
      Assari et al. (2015) carried out a three-month experimental study in Dezful, Iran, from May 148 
to August 2012, considering the behaviour of different shapes of solar ponds covered by plastic 149 
glazing to prevent evaporation from the surface of the pond. Two shapes, rectangular and 150 
circular, with similar volumes, were examined. Two small ponds were used with a height and 151 
surface area of 0.63 m and 0.51 m2 respectively. The results showed that evaporation decreased 152 
significantly and maximum temperatures reached 74 and 71 °C for the rectangular and circular 153 
ponds respectively. There is therefore a clear benefit to suppressing evaporation, but the 154 
method employed (i.e. covering with glazing) can only be used in a small pond.  155 
      The objective of this research was to study the suppression of evaporation from a SGSP 156 
using a thin layer of liquid paraffin, and to investigate the change in temperatures in the pond’s 157 
zones. As such, this study provides the first data from proof-of-concept field trials in which 158 
evaporation has been completely suppressed using a liquid film. It highlights both the potential 159 
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benefits and challenges that result from using an immiscible non-volatile liquid covering and 160 
raises future research questions that would have to be addressed if such a solution were to be 161 
deployed at full scale. Paraffin was selected because it is transparent, highly immiscible with 162 
water and of lower density than water. The high boiling and low melting points (158 and -21 163 
°C respectively) of the paraffin liquid enable it to be stable on the water’s surface. To perform 164 
the study, a small experimental SGSP was constructed. A detailed explanation of the pond and 165 
its results are presented below.  166 
  167 
1. Experimental work and materials 168 
    The experimental study was carried out over 71 days starting on 29 July 2015. A small SGSP 169 
with a surface area of 1 m2, and a depth of 1 m (1 m3 volume) was constructed in Nasiriyah in 170 
southern Iraq (Latitude: 31.05799°, Longitude: 46.25726°). The temperature in the pond was 171 
monitored during the day and night time. Moreover, the concentration variation with time was 172 
measured to observe the diffusion of salt (NaCl) throughout the pond’s zones during the study. 173 
Concentration measurements were performed ex-situ by taking samples from the LCZ, NCZ 174 
and UCZ after 6, 12, 30 and 50 days of operation. The salt concentration in these samples was 175 
measured using a calibrated conductivity meter (HANNA HI2300, Romania), which can 176 
measure a range of concentrations from 0-400 g/l NaCl (accuracy 1%). The experimental unit 177 
was a tank made of galvanized steel sheets of 1 mm thickness. The side walls and base of the 178 
tank were surrounded by a wooden frame of thickness 2 cm. In between these layers was a 6 179 
cm layer of polystyrene which acted as an insulator, to reduce heat loss from the walls. The 180 
small pond was mounted on a closed wooden box of height 10 cm. Thus, the entirety of the 181 
pond was above ground. The wooden box’s walls were 2 cm thick. Between these walls, an 182 
additional 6 cm layer of polystyrene was inserted to minimize heat loss to the ground. The inner 183 
sides of the pond were painted black, providing an anti-corrosion barrier and increasing the 184 
solar radiation absorptivity. Figure 1 shows the schematic of the experimental unit.    185 
 186 
            187 
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Figure 1: Schematic diagram showing cross-section of the experimental SGSP and distribution of the 189 
thermocouples monitoring the spatio-temporal evolution of the temperature field. The dashed horizontal lines in 190 
the NCZ show the layers used to construct the salinity gradient 191 
 192 
      The three layers of the SGSP – the UCZ, NCZ and LCZ - must be constructed carefully to 193 
ensure the correct salinity gradient is established. The methods used were similar to those used 194 
by Suarez et al. (2014) and Aizaz and Yousaf (2013).  Firstly, to form the storage zone (LCZ), 195 
a solution with high salt (NaCl) concentration (0.25 kg/l) was prepared in a mixing tank and 196 
transferred to the experimental pond using a small pump; this forms the storage zone of the 197 
pond. The layer had a depth of 0.4 m. 198 
      The second layer to be added, the NCZ. It is considered critical to the operation of a SGSP 199 
(see e.g. Karakilcik et al., 2006; Karakilcik et al., 2013; and Velmurugan and Srithar, 2008). 200 
The layer is transparent, allowing the incident solar radiation to penetrate to the LCZ.  It was 201 
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constructed by adding five 10 cm layers of salty water of decreasing concentration (and hence 202 
density) to the top of the LCZ, giving a total NCZ depth of 0.5 m. The solution for each layer, 203 
with successive concentrations of 0.2, 0.15, 0.1, 0.05 and 0.025 kg/l, was prepared separately 204 
in the mixing tank and pumped gently onto the surface of the previous layer.  To minimise 205 
mixing between the layers, a small network of pipes with many small holes (of 0.5 mm 206 
diameter) was used at the end of the transfer pipe, to add the water to the pond with minimal 207 
momentum. To further reduce the momentum of the exiting water, the network of pipes was 208 
wrapped by a piece of perforated cloth. This technique, combined with the low flow rate (0.25 209 
l / min) minimised any disturbance of the layers.  210 
      The final layer, the UCZ, had a thickness of 0.1 m and was created with fresh water. This 211 
layer requires continuous observation as it is open to the atmosphere. Its thickness and 212 
transparency can be affected by many factors, such as wind speed, rainfall and dust. After 213 
construction, the pond was exposed to natural solar radiation and other climatic factors. 214 
      After 12 days of heat collection, a paraffin layer with a thickness of 0.5 cm was added to 215 
the top of the UCZ. This 12-day period was chosen to ensure that the salinity and temperature 216 
gradients became established before the paraffin was added. 217 
      The experimental temperature distributions were measured using 16 calibrated K type 218 
thermocouples (LABFACILITY ZO-PFA-K-1 X 5, Great Britain). The uncertainty of the 219 
thermocouples in the experimental unit was tested by the calibration against boiling (100 °C) 220 
and melting (0 °C) water. The uncertainty was estimated to be 3 °C. 221 
      As shown in Figure 1, the thermocouples were fixed along the vertical centre line of the 222 
pond, to measure the vertical temperature profiles of each zone (UCZ, NCZ, LCZ and the 223 
paraffin layer). Thermocouples were located, measuring from the bottom of the pond to the 224 
edge of the LCZ, at heights of 0, 0.05, 0.15, 0.25 and 0.35 m. Two further thermocouples were 225 
placed in the LCZ to monitor the temperature change in the horizontal direction. Seven sensors 226 
were placed in the NCZ at intervals of 10 cm. As with the LCZ, two additional thermocouples 227 
were placed at the bottom of the NCZ to measure the horizontal temperature distribution. For 228 
the UCZ, a single thermocouple was fixed in the centre of the layer to measure the temperature 229 
there. The last sensor was used to measure temperature in the paraffin layer. 230 
      All the thermocouples were connected to a control board with a multichannel digital reader 231 
by 2 m extension wires. The temperatures in all zones were measured during the day (2 p.m.) 232 
and night (2 a.m.). 233 
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      To quantify the effect of weather conditions, a Gray Wolf IQ-610 (USA) was used to 234 
measure relative humidity and ambient temperature, and model AS-201 (USA) to measure 235 
wind speed above the water surface. The incident solar insolation was not measured.  236 
 237 
3. Results and discussion 238 
3.1 Evaporation 239 
     Evaporation levels were measured daily for the 12 days before the pond was covered, by 240 
reading the water level in the UCZ before and after fresh water had been injected into this layer 241 
to maintain the depth of the pond. It was observed that evaporation levels were high, reaching 242 
21 l/m2 day. The weather on these days was windy, hot and dry. The major factors which can 243 
influence evaporation significantly are humidity, ambient temperature, wind speed and incident 244 
solar radiation. Figure 2 shows the measurements of the evaporation rate, relative humidity and 245 
ambient temperature for the 12 days before the paraffin addition, when the surface of the UCZ 246 
was exposed to the atmosphere.  247 
                             248 
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                                           (b)                                                                         (c) 252 
Figure 2: (a) Daily average measurements of evaporation rate, relative humidity and the ambient temperature for 253 
the experimental pond for 12 days from 29/7-9/8/2015. (b) Scatter plot of daily evaporation rate versus average 254 
temperature. (c) Scatter plot of the evaporation rate versus average relative humidity. 255 
 256 
Figure 2(a) illustrates that the ambient temperature had only a small impact on evaporation 257 
levels over the 12 days. The average temperature was relatively high and consistent at around 258 
39-41 °C, whereas the evaporation rate shows significant scatter. However, it is evident from 259 
Figure 2(b) that for this 12-day period there is a weak negative correlation between the ambient 260 
temperature and evaporation rate. The correlation coefficient (R) of the ambient temperature 261 
with evaporation is -0.59, which indicates only a relatively moderate negative correlation. 262 
      From Figure 2(a), it appears that relative humidity has a significant effect on the 263 
evaporation rate. The results show that relative humidity and evaporation rate are negatively 264 
correlated. For example, on Day 3 there was a noticeable increase in relative humidity and an 265 
apparent decrease in evaporation. Similarly, on Days 5 and 8 when relative humidity decreased 266 
(Day 5), evaporation increased significantly; when it increased (Day 8), there was a substantial 267 
reduction in evaporation. Similar behaviour can be observed on other days. This makes 268 
intuitive sense, as the higher the humidity, the lower the driving force for mass transfer from 269 
the water to the air, and vice versa. Figure 2(c) also shows that there is a much stronger 270 
correlation between evaporation and relative humidity with R = - 0.85. 271 
      The effect of wind speed on the evaporation level is shown in Figure 3. 272 
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          274 
                                        (a)                                                                            (b) 275 
Figure 3: (a) Daily average measurements of evaporation rate and wind speed above the pond for 12 days from 276 
29/7-9/8/2015, (b) Scatter plot of evaporation rate against wind speed 277 
 278 
      Figure 3(a) illustrates that during the 12 days, wind speed may have influenced evaporation: 279 
evaporation increased in line with increasing wind speed, and fluctuated similarly. Figure 3(b) 280 
illustrates that during the 12 days considered; there is a strong positive correlation between 281 
wind speed and the evaporation rate (R = 0.6). However, it is less marked than that for relative 282 
humidity (R = -0.85) and similar in magnitude to that of the ambient temperature (R = -0.59).  283 
      These results are for a short-term study (12 days) which is clearly insufficient to establish 284 
a clear understanding of the effects of the various climatic factors on the evaporation rate. 285 
Therefore, the meteorological measurements from Nasiriyah City’s meteorological station 286 
were considered for a long-term study (nine months, January to September) to build up a clearer 287 
picture.  288 
      Firstly, results from the 12 days before the paraffin addition were compared with the 289 
measurements of the Nasiriyah meteorological station. The differences between the ambient 290 
temperature and relative humidity measured in the present study and recorded at the 291 
meteorological station are not significant. Differences in the measured ambient temperatures 292 
(about 1.5 °C) might be because the experimental SGSP site was about 5 km from the 293 
meteorological station. A similar explanation could account for the difference in the relative 294 
humidity (variation around 1% in relative humidity). Nevertheless, the agreement is acceptable. 295 
Interestingly, the evaporation rates in the present study were predominantly lower than the 296 
meteorological measurements. This discrepancy could result from the variation in salinity of 297 
the two sources used for measurement: the meteorological measurements used fresh water, 298 
while in the present study; the water which evaporated from the pond surface had a non-zero 299 
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salt concentration due to the upward diffusion of salt from the bottom of the pond. This 300 
concentration changed daily as a result of the continuous diffusion. Finch and Hall (2001) 301 
implied that the evaporation rate decreases by approximately 1% for each 1% increase in the 302 
salt concentration. This is because the vapour pressure of the saline water will drop. 303 
Torkmahalleh et al. (2017) concluded that increases in ambient temperature affected the 304 
evaporation rate from the UCZ and also increased the salt diffusion rate. They recommended 305 
regular surface washing to preserve the concentration of the UCZ at the normal level, and 306 
consequently protect the stability of the pond. 307 
      According to the meteorological measurements, the rate of water losses increased from 308 
March (5.35 l/m2 day) and reached its highest value in June ( 17.68 l/m2 day). After June, 309 
there was a small decrease to reach  11.78 l/m2 day in September. These levels are significant: 310 
for example, if a pond has a surface area of 1,000 m2, 5,350 litres of fresh water would be 311 
needed each day in March to replenish the UCZ; and in June, July and August, around 17,000 312 
l/day would be required. These amounts might decrease by 10-15% because of the effect of the 313 
salinity of the UCZ. If the pond were to be used for desalination, this could have a significant 314 
impact on the production rate, and hence the economics of the operation. Ruskowitz et al. 315 
(2014) implied that when a solar pond is used for fresh water production in locations with a 316 
shortage of fresh or clean water, suppressing surface evaporation is entirely worthy. They based 317 
their conclusions on the fact that in some previous studies (e.g. Walton et al., 2004; and Solis, 318 
1999), where the aim was to study fresh water production from a membrane distillation system 319 
coupled with a SGSP, it was observed that the volume of water produced was less than the 320 
volume that evaporated from the surface of the pond. Therefore, to replenish the UCZ, fresh or 321 
clean water is required in large quantities - somewhat negating the need for desalination in the 322 
first place!  323 
      The monthly average relative humidity, ambient temperature and evaporation levels at the 324 
Nasiriyah weather station for nine months are plotted against time in Figure 4. 325 
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(a) 327 
                                                                                 328 
          329 
                                  (b)                                                                           (c) 330 
Figure 4: (a) Monthly average relative humidity, ambient temperature and evaporation levels plotted against 331 
time, where month 1 is January, (b) Daily measurements of evaporation rate plotted against ambient 332 
temperature, (c) Daily evaporation rate plotted against relative humidity 333 
 334 
       Using the long-term measurements in Figure 4(a), a notable correlation can be seen 335 
between the evaporation rate and the ambient temperature. Moreover, the daily measurements 336 
in Figure 4(b) demonstrate that the temperature in the long-term investigation has a strong 337 
correlation with the evaporation rate. The correlation coefficient of the measurements of Figure 338 
4(b) is R = 0.88, and is higher than that for the short-term data (R = -0.59). This high value 339 
(0.88) illustrates that there is a strong correlation. Figure 4(a) shows that the evaporation rate 340 
rose as the ambient temperature increased for the first five months, from January to May. From 341 
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May to August the increase in the ambient temperature was small ( 5 °C). However, the 342 
increase in evaporation levels continued, with a maximum being reached in June. While the 343 
ambient temperature increased from May to reach a maximum in August, there was a moderate 344 
decrease in the evaporation rate from June to August. That behaviour clarifies that the other 345 
factors (humidity, solar radiation and wind speed) might also affect the evaporation.  346 
      The measured relative humidity shows that the highest value was in January (around 54 347 
%), and after that, it decreased to reach the lowest value in August (about 17.5%). After August 348 
the relative humidity increased again. The evaporation rate appeared to vary inversely with 349 
relative humidity: while relative humidity decreased from January, evaporation increased and 350 
reached its maximum rate in June. Interestingly, when the fluctuation in relative humidity was 351 
small (during June, July and August), there was little variation in the evaporation levels. Figure 352 
4(a) illustrates that evaporation reduced significantly with high relative humidity. It is also 353 
apparent from Figure 4(c) (R = -0.83) that the highest evaporation levels occur with the lowest 354 
values of relative humidity. This is consistent with physical intuition.  355 
      The effect of wind speed was also studied over the longer time period. The dependence of 356 
the evaporation rate on wind speed is shown in Figure 5.  357 
      358 
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 360 
                                  (c)                                                                           (d) 361 
Figure 5: (a) Measurements of monthly average evaporation rate and wind speed against time over nine months 362 
(January-September, month 1 is January), (b) Daily measurements of evaporation plotted against wind speed for 363 
the nine-month period, (c) Daily measurements of evaporation plotted against wind speed for January to May, 364 
and (d) Daily measurements of evaporation plotted against wind speed for June to September 365 
 366 
During the 9 months considered, the average monthly wind speed varied between  3.7 to  367 
5.1 m/s, and the maximum speed was in June. The wind speed throughout the period increased 368 
slightly from winter toward summer. With the relatively small increase in the wind speed over 369 
time, there was a substantial increase in the evaporation rate. From April to June, in spite of 370 
the average wind speed increasing only a little (from 4.5 to 5.1 m/s), there was a considerable 371 
increase in the evaporation rate, which reaches its maximum level in June (from 8.56 to 17.68 372 
l/m2 day). From June to September, Figure 5a shows that the evaporation rate decreases, as 373 
does the average wind speed. Figure 5b (all daily measurements) shows that for the whole 374 
period (9 months), there is only a weak correlation between the wind speed and the evaporation. 375 
The points are somewhat scattered in a wide band and the correlation coefficient R = 0.26. 376 
Results in Figure 5b contradict the results of the short-term study (Figure 3b, where the 377 
correlation coefficient is 0.6).  Figure 5b can be divided into two parts. The first where there is 378 
a weaker correlation between wind speed and evaporation (from January until the end of May); 379 
this period is illustrated in Figure 5c. The second part, where there is a slightly stronger 380 
correlation, runs from June to the end of September and is shown in Figure 5d. Obviously, 381 
wind speed has a lesser influence on the evaporation from the surface in the colder weather. 382 
However, its impact is more significant in the warm and hot weather (from May to September 383 
in Figure 5a).   384 
     The final climatic factor, which can affect the evaporative losses from the pond is the 385 
incident solar radiation. This was not measured in the short-term study. For the long-term study, 386 
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the measurements of radiation from NASA (2014) have been considered to study the effect of 387 
this factor on the evaporation from the surface of the pond. Results are shown in Figure 6.  388 
   389 
(a)                                                                                   (b) 390 
Figure 6:(a) Measurements of monthly average evaporation levels and incident solar radiation against time, (b) 391 
Evaporation rate plotted against solar radiation for each day of the nine months 392 
 393 
      As radiation increased almost linearly from January to June, there was also an increase in 394 
the evaporation rate. Noticeably, the incident solar radiation and evaporation attained their 395 
maximum in June. From June, both the evaporation rate and incident radiation decreased, 396 
reaching their lowest magnitudes in September. It is apparent from Figure 6(a) that incident 397 
radiation might have an important effect on evaporation. This factor, which ultimately drives 398 
the pond, does not therefore come without an associated cost in the form of increased 399 
evaporative losses. Figure 6(a) shows a significant correlation between solar radiation and 400 
evaporation, while Figure 6(b), showing daily measurements, has a weaker correlation than the 401 
ambient temperature. It can be seen in Figure 6(b) that the reliance of daily evaporation on 402 
solar radiation might be lower than the reliance on temperature and relative humidity. The 403 
correlation coefficient is 0.80: it shows a significant relationship but not as strong as the other 404 
climatic factors (ambient temperature 0.88 and relative humidity -0.83).  405 
      To find a relationship which can gather all climatic factors together with the evaporation, a 406 
statistical analysis was performed on the extended period measurements to predict this 407 
relationship. Table 1 gives some statistics which were generated using a multiple regression 408 
analysis (in the present investigation, only the linear term is considered, and interaction effects 409 
are neglected). 410 
      411 
0
100
200
300
400
500
600
700
800
900
0
5
10
15
20
0 1 2 3 4 5 6 7 8 9 10
S
o
la
r 
ra
d
ia
ti
o
n
 (
m
J/
m
2
m
o
n
th
)
E
v
ap
o
ra
ti
o
n
 (
l/
m
2
d
ay
)
Time (months)
Evaporation
Solar radiation
0
5
10
15
20
25
0 10 20 30 40
E
v
ap
o
ra
ti
o
n
 (
l/
m
2
d
ay
)
Solar radiation (mJ/m2 day)
17 
 
Table 1: Statistical data of multiple regression analysis 412 
𝑅2= 0.81156,  adjusted 𝑅2 = 0.80838 
 Coefficients Standard Error t Stat P-value 
Intercept -1.2234 1.882396 -0.64992 0.516375 
Solar radiation  0.106939 0.059791 1.788545 0.074965 
Ambient temperature  0.380862 0.045975 8.284036 8.81E-15 
Relative humidity  -9.31657 2.287592 -4.07265 6.34E-05 
Wind speed  0.412576 0.123479 3.341269 0.000969 
 413 
As usual, R2 represents the deviation of measured data from the fitted or predicted model or 414 
equation. It is expected that the value of 𝑅2 should increase when a new variable is added to 415 
the analysis. However, this increase in R2 does not mean that the accuracy increases. The 416 
adjusted 𝑅2 is more accurate than 𝑅2 because it considers values of 𝑅2 and the number of 417 
variables in addition to the number of the observations. It is represented as: 418 
𝐴𝑑𝑗𝑅2 = 1 − (1 − 𝑅2)
𝑛−1
𝑛−𝑘−1
                            (1) 419 
where 𝑛 is the number of observations and 𝑘 is the number of variables. If a useful variable is 420 
added to the statistical analysis, the value of the adjusted 𝑅2 will increase. However, if the 421 
added variable is insignificant, there will be no improvement in the adjusted 𝑅2. When this 422 
occurs, the variable can be excluded from the suggested model or equation. 423 
      Table 1 shows that all of the climatic factors have a statistically significant impact on the 424 
model (p < 0.001) except solar radiation, which is not significant even at p < 0.05. The model 425 
generated by the regression analysis, including all four variables, has 𝑅2= 0.81156 and 𝐴𝑑𝑗𝑅2 426 
= 0.80838 and that means an average error of about 20% is expected. 427 
      If the solar radiation is excluded and the regression analysis performed again, the results 428 
shown in Table 2 are achieved. 429 
Table 2: Statistical data of multiple regression analysis (excluding incident solar radiation) 430 
R2= 0.809017, adjusted R2= 0. 0.80661 
 Coefficients Standard Error t Stat P-value 
Intercept -0.146 1.791627 -0.08149 0.935118 
Ambient temperature  0.42634 0.03848 11.07939 2.81E-23 
Relative humidity  -10.0035 2.265518 -4.41553 1.53E-05 
18 
 
Wind speed  0.45441 0.121802 3.730722 0.000239 
 431 
Interestingly, there is only a slight reduction in the values of both R2 and 𝐴𝑑𝑗𝑅2. It might be 432 
solar radiation can be excluded from the fitted model. 433 
      434 
3.2 Temperature evolution in the pond 435 
3.2.1 Behaviour before coverage 436 
After construction, the pond was ready to collect and store solar insolation. For the first 12 days 437 
it was left uncovered. The temporal temperature developments in the UCZ and LCZ, as well 438 
as the ambient temperature, are shown in Figures 7(a) and (b) at 2 pm and 2 am local time 439 
respectively. 440 
         441 
       (a)                                                                              (b) 442 
Figure 7: (a) Evolution of daytime temperature (2 p.m.) in UCZ, LCZ and ambient temperature over the first 12 443 
days of operation (29/7-9/8/2015), (b) Evolution of night-time temperature (2 a. m.) in the UCZ, LCZ and 444 
ambient temperature over the first 12 days of operation (29/7-9/8/2015) 445 
 446 
      The results show that the temperature in the LCZ increased from  27 °C on the first day 447 
to around 54 °C on Day 12 with an average rate of increase about 2.25 °C/day, as shown in 448 
Figure 7(a). On Day 12 the difference between temperatures in the LCZ and UCZ was around 449 
23 °C during the daytime and 25 °C at night. Figures 7(a) and (b) illustrate that the gap between 450 
the ambient and UCZ temperatures is large in the day, but smaller at night. This behaviour 451 
could be a result of two facts. Firstly, in the daytime, ambient temperatures throughout the 12 452 
days were high (around 47 °C), falling at night to around 30 °C. Secondly, the evaporation rate 453 
is high in the day due to the presence of the solar radiation, low relative humidity, high 454 
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temperatures and hot wind. Evaporating water will remove the latent heat from the water in the 455 
UCZ, and that will result in a decrease in its temperature.    456 
      The temperature variation at different depths in the daytime is illustrated in Figure 8 for 457 
Days 2, 6 and 12, i.e. before the pond was covered. 458 
 459 
                                460 
Figure 8: Temperature variation with depth for Days 2, 6 and 12, measured at 2 p.m. 461 
 462 
      It is clear from Figure 8 that the temperature gradient in the NCZ increased and that there 463 
was also an increase in the difference between the temperatures of the LCZ and UCZ. This 464 
difference was about 3 °C on the second day, rising to  19 °C on Day 6 and  23 °C on Day 465 
12.  It is clear that after 12 days, the three zones in the pond have become established, with an 466 
approximately uniform temperature in the LCZ, the 40 cm layer at the bottom of the pond. 467 
There is also an almost linear variation in temperature over the next 50 cm of depth 468 
corresponding to the NCZ, and then a uniform temperature in the top 10 cm where the UCZ is 469 
again well-mixed. 470 
 471 
3.2.2 Behaviour after pond coverage 472 
After 12 days, and once it was clear that the three layers of the pond had become established, 473 
the pond was covered by the thin paraffin layer to eliminate the effect of evaporation. The 474 
behaviour of each zone is considered, in turn, below. The temperature profiles both during the 475 
day and at night are considered. For completeness, and to aid understanding, the temperature 476 
profiles before coverage have also been included.  477 
 478 
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3.2.2.1 The UCZ 479 
The profiles of the UCZ and ambient temperature are shown in Figures 9(a) and (b) for the 480 
daytime (2 p. m) and night-time (2 a. m) through the study. 481 
 482 
                       483 
(a)                                                                       (b)  484 
Figure 9: (a) Measurements of the UCZ, ambient temperature and solar radiation from 29/7-7/10/2015 (daytime 485 
2 p. m), (b) Measurements of the UCZ and ambient temperature from 29/7-7/10/2015 (night-time 2 a. m) 486 
 487 
      Figures 9(a) and 7(a) (for the uncovered pond) show that in the first 12 days, when the pond 488 
was uncovered, the temperature of the UCZ was lower than the ambient temperature and its 489 
variation was similar to that of the ambient temperature. Figure 9(a) demonstrates that the trend 490 
of both temperatures is approximately similar to that of solar radiation. These results agree with 491 
the findings of Torkmahalleh et al. (2017), who found that when the pond is uncovered, the 492 
UCZ and ambient temperatures have similar trends and they mostly affected by the solar 493 
radiation. This behaviour is because the UCZ receives heat from the LCZ by conduction, and 494 
some of the incident solar radiation accumulates in this layer. However, the layer also loses 495 
heat to the atmosphere by radiation, convection and evaporation. Moreover, it also loses heat 496 
through the pond walls, although this loss is very small and can be neglected when the walls 497 
are well insulated. Due to heat loss, the temperature in the UCZ tended to be lower than the 498 
ambient air in the daytime during the current study, and the gap between the two temperatures 499 
was relatively large (before pond coverage). This behaviour has also been observed by many 500 
other researchers e.g. Garman and Muntasser (2008); Al-Jamal and Khashan (1996); and 501 
Jaefarzadeh and Akbarzadeh (2002).  502 
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     After the addition of the paraffin layer, the evaporation process was stopped or significantly 503 
reduced. There was no further drop in the water level, so no additional water was required for 504 
the remainder of the study. This is obviously a significant operational improvement.  Figure 505 
9(a) illustrates that the daytime temperature of the UCZ increased significantly to reach a 506 
maximum of 51 °C after about a month. Then there was a small decrease in the UCZ 507 
temperature to  47 °C from the middle of September 2015 to the end of the study.  The figure 508 
shows also that although there was a decrease in the incident solar radiation, there was an 509 
increase in the UCZ temperature. As evaporation has been shown to be the dominant mode of 510 
heat loss, most of the heat entering will now be trapped by the paraffin layer, heat will 511 
accumulate, and the temperature will increase. In other words, suppressing evaporation 512 
significantly increases the UCZ temperature. Figure 9(a) shows that the evolution of the UCZ 513 
temperature is different from the ambient temperature’s behaviour. While there was a daily 514 
fluctuation in the ambient temperature, only a very slight variation can be observed in the 515 
profile of the UCZ. Moreover, the gap between the two temperatures in the daytime is relatively 516 
small.                         517 
      From Figures 9(b) and 7(b), relating to the uncovered pond, it can be observed that the 518 
night-time UCZ temperature was lower than the ambient temperature; it also behaved similarly 519 
to the ambient temperature, with similar variations. On the other hand, the gap between the two 520 
temperatures was much smaller than in the daytime. After the pond coverage (i.e. when there 521 
is no evaporation), the UCZ temperature rose above the ambient temperature, as seen in Figure 522 
9(b), and the gap between the two temperatures was bigger than in the daytime.  While the 523 
ambient temperature decreased noticeably in the night, the reduction in the UCZ temperature 524 
was insignificant, due to heat accumulation from the LCZ. The night-time UCZ temperature 525 
reached a maximum of around 44 °C, and then decreased to  37 - 39 °C until the end of the 526 
study. Apparently, the UCZ became in effect a new storage zone in which heat accumulated to 527 
a much greater degree than in the uncovered pond. This is clearly demonstrated by the fact that 528 
its temperature reached 51 °C and remained approximately constant with only a very gentle 529 
decline to  47 °C (daytime) over a period of about 20 days. Date and Akbarzadeh (2013) 530 
suggest that around 45% of the incident solar radiation is absorbed in the UCZ of a traditional 531 
SGSP, but is lost again to the atmosphere. Sayer et al. (2016) concluded that heat loss from the 532 
pond’s surface is mainly due to evaporation. With the new approach (covered pond), most of 533 
the heat which is absorbed or transferred from the LCZ through the NCZ and accumulated in 534 
22 
 
the UCZ can be exploited, since heat loss to the atmosphere becomes relatively small with 535 
evaporation suppression. 536 
 537 
3.2.2.2 The LCZ 538 
The profiles of the LCZ, UCZ and ambient temperature are illustrated in Figure 10.   539 
 540 
 541 
Figure 10: Change in LCZ, UCZ and ambient temperature in daytime (2 p m) from 29/7-7/10/2015 542 
 543 
In the first 12 days before adding the cover, the rate of increase in the temperature of the LCZ 544 
was relatively fast, at around 2.25 °C/day. However, when the pond was covered, the rate of 545 
increase became slightly lower. It was observed that dust accumulated on the surface of the 546 
paraffin layer, thereby attenuating the incoming radiation. After the pond was covered, the rate 547 
of the temperature increase reduced to 1.25 °C/day, for the period from Day 12 to Day 30. The 548 
LCZ temperature reached its maximum (69 °C) on Day 30 - about 17 days after the paraffin 549 
addition. After the maximum temperature in the LCZ was attained at the end of August, there 550 
was a gradual decrease to   50 °C during the last period of the study. Figure 10 illustrates that 551 
when the pond was open to the atmosphere, the gap between the temperatures of the LCZ and 552 
UCZ was relatively large. This gap became smaller and smaller from the beginning of 553 
September to the end of the present study. The reduction in the gap between the two 554 
temperatures might be due to the decline in the incident solar radiation as shown in Figure 9(a), 555 
and the increase in UCZ temperature caused by evaporation suppression. This behaviour is 556 
different from that of the open pond. For example, Torkmahalleh et al. (2017) found that the 557 
difference between the temperatures of the layers follows the solar energy intensity, but the 558 
trend of the temperature follows that of the ambient temperature. In the final few days of the 559 
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current study, the difference between the two temperatures was small. Figure 10 also shows 560 
that before the pond was covered, the LCZ temperature fluctuated slightly in an identical way 561 
to the ambient temperature. After coverage, the LCZ fluctuation was significantly different 562 
from the ambient temperature variation.  563 
 564 
3.2.2.3 Temperature variation with depth 565 
The change in temperature profile within the pond, before and after the pond was covered, is 566 
shown in Figure 11.  567 
                      568 
Figure 11: Temperature distribution in the experimental pond on different days before and after coverage 569 
 570 
      Many interesting features can be identified in Figure 11. Firstly, after the pond was covered, 571 
the LCZ temperature continued to increase, reaching its maximum of 69 °C on Day 30, after 572 
which it decreased. Interestingly, there was also an increase in the UCZ temperature, and the 573 
difference between the two temperatures on Day 30 was  21 °C. Normally, when the LCZ 574 
reaches the maximum temperature, the temperatures of the UCZ also reaches the maximum, 575 
and they both behave similarly to the ambient temperature (Torkmahalleh et al., 2017; Sayer 576 
et al., 2016; Jaefarzadeh and Akbarzadeh, 2002). Torkmahalleh et al. (2017) observed that in 577 
an uncovered SGSP, the LCZ and UCZ temperatures were affected by the ambient temperature 578 
and incident solar radiation, and mainly followed the behaviour of the ambient temperature. In 579 
a pond where evaporation is suppressed, the behaviour is significantly different. As previously 580 
discussed, it might be that the dust which accumulated on the surface decreased the quantity of 581 
solar radiation reaching the LCZ and consequently decreased its temperature.  582 
      Secondly, it is also interesting to note that on Day 30, there was an apparent and uniform 583 
temperature gradient through the NCZ. As time progressed, however, this gradient diminished 584 
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substantially. This might be due to the accumulation of heat in the UCZ, which will thus raise 585 
its temperature. The disruption of the temperature gradients could be thought to be indicative 586 
of the destruction of the salinity gradient, and hence the pond becoming well-mixed. However, 587 
concentration measurements indicated that there were salinity gradients in the NCZ (Figure 588 
12), and that in spite of these, there was a significant decrease in the temperature gradients. 589 
This would support the hypothesis that it is not convective heat transfer that has made the 590 
temperature profile uniform; rather it is a conductive effect.  591 
 592 
                     593 
Figure 12: Salinity gradient of the experimental pond on different days before and after covering 594 
 595 
Figure 12 shows apparent salinity gradients on the chosen days. For example, at Day 50, the 596 
gradient remains intact with a relatively substantial increase in the salinity of the UCZ, but the 597 
temperature gradient on that day (Figure 11) is small. It is worth noting that as shown in Figure 598 
12 Day 50, the concentration of the UCZ is close to the concentration of the top layer of the 599 
NCZ. This means that surface washing of the LCZ has to be carried out immediately to avoid 600 
erosion in the top layer of the NCZ.   601 
      Thirdly, it is important to note that in the conventional SGSP, the UCZ temperature changes 602 
from high to low magnitude when moving from summer to winter and vice versa. In this pond, 603 
there was an increase towards winter to reach the maximum and then a small decrease was 604 
observed.        605 
 606 
4. Conclusion 607 
The aim of this study was to investigate the behaviour of a salinity gradient solar pond (SGSP) 608 
with and without a thin liquid paraffin cover to suppress evaporation from the surface of the 609 
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pond. A small SGSP was constructed with a 1 m2 surface area and a depth of 1 m. The UCZ, 610 
NCZ and LCZ were 0.1, 0.5 and 0.4 m deep respectively, while the paraffin cover had a 611 
thickness of 0.5 cm. The effect of different climatic factors (relative humidity, ambient 612 
temperatures wind speed and solar radiation) on evaporation was also investigated. It was 613 
observed that evaporation was entirely eliminated by the paraffin layer. 614 
      The results clearly highlight that suppressing evaporation is highly beneficial to the pond’s 615 
performance, significantly reducing the cost of water replacement and thus making applications 616 
such as desalination more economically viable. This study therefore provides the initial 617 
verification that a non-volatile liquid cover can significantly affect and improve the thermal 618 
performance of a solar pond. The research also highlights a number of issues that must be 619 
addressed going forward. The paraffin layer accumulated dust much more readily than the 620 
uncovered pond and this could attenuate the incoming radiation. Furthermore, the effect of 621 
wind (and hence surface waves) and rain on the stability of the surface layer must be 622 
investigated. Finally, this proof-of-concept study used paraffin as the covering fluid as it could 623 
be guaranteed to supress evaporation. It is however not without associated environmental 624 
concerns. Given the success in trapping more heat in the pond, the investigation of alternative 625 
covering fluids must now be considered.  626 
   627 
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